Vernalization promotes flowering in Arabidopsis through epigenetic repression of the floral repressor, FLOWERING LOCUS C (FLC) [1] [2] [3] . Vernalization, like other polycomb-mediated repression events [4] , occurs in two stages; FLC repression is established at low temperatures, then maintained during subsequent growth at 22
Summary
Vernalization promotes flowering in Arabidopsis through epigenetic repression of the floral repressor, FLOWERING LOCUS C (FLC) [1] [2] [3] . Vernalization, like other polycomb-mediated repression events [4] , occurs in two stages; FLC repression is established at low temperatures, then maintained during subsequent growth at 22 C [5, 6] . Low temperatures induce VIN3 activity, which is required for changes in histone modifications and the associated FLC repression [3] . Plant polycomb proteins FIE, VRN2, CLF, and SWN, together with VIN3, form a complex that adds histone H3 lysine 27 methylation at FLC in vernalized plants [2, 3, 7] . VRN1 and LHP1 are required for maintenance of FLC repression [2, 3, 6, 8] . Tissue must be undergoing cell division during lowtemperature treatments for acceleration of flowering to occur [9, 10] . We show that low-temperature treatments repress FLC in cells that are not mitotically active, but this repression is not fully maintained. Trimethyl-lysine 27 (K27me3), is enriched at the start of the FLC gene during the cold, before spreading across the locus after vernalization. In the absence of DNA replication, K27me3 is added to chromatin at the start of FLC but is removed on return to 22 C. This suggests that DNA replication is essential for maintenance of vernalization-induced repression of FLC.
Results and Discussion
Mature leaves do not undergo cell division [11] . We determined whether these leaves undergo endoreduplication [12] during or after a cold treatment by comparing the DNA content of nuclei from mature leaves of nonvernalized Arabidopsis plants (ColFRI Sf2 ) with those from vernalized plants harvested at different times after the treatment ( Figure 1A ). Two weeks after the end of the treatment, the proportion of 32C and 64C nuclei increased slightly ( Figure 1B ) with an overall increase in DNA content of approximately 16% ( Figure S1 in the Supplemental Data available online), suggesting that most nuclei have not undergone DNA replication.
Mature Leaves Activate the Establishment Phase but Not the Maintenance Phase of the Vernalization Pathway
We compared the expression of VERNALIZATION INSENSITIVE 3 (VIN3; see Table S1 for abbreviations) and FLC in young, actively growing leaves and mature leaves ( Figure 1A ) of vernalized plants. Consistent with earlier reports, VIN3 expression in young leaves was induced by low temperatures and was repressed after plants were returned to higher temperatures ( Figure 1C ) [3] . The basal level of VIN3 expression was slightly elevated in nonvernalized mature leaves, and the low-temperature induction was less than in young leaves. In contrast to young leaves, VIN3 was not repressed in mature leaves after the return to higher temperatures ( Figure 1C ). FLC expression was repressed to a similar extent in both classes of leaves ( Figure 1D ), but the maintenance of FLC repression was less effective in mature leaves than in young leaves ( Figure 1D ).
We analyzed histone modifications across the FLC locus in nonvernalized and vernalized 12-to 14-day-old ColFRI Sf2 seedlings with young, growing leaves (Figure 1A) . The pattern of VIN3 and FLC expression in these seedlings was comparable to that in the young leaves ( Figures 1C and 1D ). The level of histone acetylation and trimethylation of histone H3 lysine 4 (K4me3) decreased at the end of the cold treatment and remained low after plants were returned to warmer conditions ( Figure 2A and Figures S2A and S2B ). Histone H3 acetylation decreased across the FLC locus (regions F1-F9), whereas the decrease in H4 acetylation and K4me3 was limited to the region spanning the transcriptiontranslation start (F4 and F5). Consistent with earlier studies [3, 13, 14] , histone modifications associated with active genes are lost during the establishment of FLC repression and remain at the same low level during maintenance of the vernalized state.
The Location of H3 K27me3 Differentiates the Establishment and Maintenance States of FLC Repression Repression of FLC is associated with dimethylation of histone H3 at K9 (K9me2) and K27 (K27me2) [2, 3] . More recently, an increased level of H3 trimethyl-K27 (K27me3) was found at several locations across the FLC locus in vernalized plants that had been returned to warmer conditions [13] [14] [15] . H3 K27me3 is the hallmark of polycomb repression in Drosophila and mammals [16] , and vernalized-induced repression of FLC is mediated by Arabidopsis homologs of polycomb proteins.
In nonvernalized plants, K27me3 occurs in chromatin across the FLC locus [17] . At the end of a 4 week cold treatment, the level of K27me3 had increased in the region spanning the transcription-translation start (approximately 2245 to + 237 bp, regions F3-F5; Figures  2A and 2B ). There was no significant increase in the level of K27me3 in chromatin associated with either the first intron or promoter region. The small enrichment of regions F2 and F6 is most probably due to precipitation of DNA fragments spanning F2-F3 or F5-F6, respectively, because the average length of sonicated DNA is 500 bp. In contrast to the enrichment of K27me3, which *Correspondence: jean.finnegan@csiro.au was localized to the transcription-translation start, the level of K9me2 and K27me2 had increased in both the promoter and the first intron of FLC at the end of the cold treatment [3] .
When plants were returned to 22 C, there was a bidirectional spread of K27me3 across FLC chromatin associated with the promoter, intron 1, and coding sequences (F1-F10; Figures 2A and 2B) ; the greatest K27me3 enrichment occurred at the end of intron 1 (F8). K27me3 does not spread to the adjacent genes (U1 and D1; Figure 2B ), which are transiently repressed by low temperatures [18] . We have not identified boundary sequences that block the spread of K27me3 beyond FLC chromatin.
We have confirmed the K27me3 distribution by using flc-11, a vernalization-responsive overexpression mutant, ecotype C24. The pattern of histone modifications in vernalized flc-11 was similar to that in vernalized Col-FRI Sf2 (Figures 2B and 2C) [19] . At the end of the cold treatment, the level of K27me3 in chromatin spanning the transcription-translation start had increased (Figure 2C ). Two weeks after the end of the cold treatment, K27me3 was found throughout the locus, just as for ColFRI Sf2 ( Figures 2B and 2C ). The increase in K27me3 in FLC chromatin from flc-11 plants vernalized for 8 weeks was greater than that in 4 week vernalized ColFRI Sf2 ( Figures 2B and 2C ). Both the decrease in active marks [19] , and the increase in K27me3 are proportional to the duration of the treatment ( Figure S2C and Figure 2D ). As the duration of the cold treatment increased, the level of K27me3 upstream and downstream of the transcription-translation start gradually increased ( Figure 2D ). This suggests that there is limited spread of K27me3 across the locus from an initial focus at the transcription-translation start (see below). We saw a similar level of K27me3 at regions F7-F9 in vernalized flc-11 plants, again suggesting that this modification spreads during extended periods at low temperatures ( Figure 2C ).
Mature Leaves Lose the Chromatin Modifications Associated with the Maintenance Phase of FLC Repression
To determine whether the patterns of histone modifications associated with establishment or maintenance of the vernalized state are affected by leaf age, we examined FLC chromatin in vernalized mature leaves. Repression of FLC in mature leaves was associated with decreased histone acetylation and K4me3, and the relative changes were similar to those in vernalized young seedlings ( Figure 3A and Figures S2A and S2B ). Repression of FLC in mature leaves was also associated with increased K27me3 around the transcription-translation start ( Figure 3B ), just as in young seedlings ( Figure 2B ).
Two weeks after the cold treatment, K27me3 was lost from the chromatin at the transcription-translation start, and there was no evidence of increased K27me3 elsewhere in FLC chromatin from mature leaves ( Figure 3B ). This lack of K27me3 enrichment across FLC chromatin is associated with increased activity of FLC and increased levels of both histone acetylation and K4me3 ( Figure 3A) . FLC expression is not restored to the nonvernalized level, perhaps because of other chromatin changes not assayed here. In the older leaves, K27me3 was removed from FLC chromatin even though VIN3 expression remains high ( Figures 1C and 3B Mature Leaves Express the Known Components of the Repression Machinery LHP1 is required for the maintenance of repression of FLC in young seedlings after the return to warmer conditions [6, 8] . We monitored the expression of LHP1, VRN1, VIL1/VRN5, and the polycomb group proteins that mediate the repression of FLC [2, 3, 6-8, 13, 14] . All these genes are expressed in mature leaves (Figure 4A) , suggesting that the failure to maintain repression is not correlated with the lack of expression of any of these genes. It is possible that other, unknown factors might also be required to maintain repression, and these factors might not be present in mature leaves.
Another explanation for the failure to maintain FLC repression is that these leaves are not undergoing DNA replication. DNA replication might be required for the retention and spread of K27me3 across FLC chromatin through the dilution of modified or variant histones in newly replicated DNA. We have already shown that histone acetylation and K4me3 are actively removed from FLC chromatin in vernalized mature leaves ( Figure 3A) . We therefore investigated whether the removal of Figure 1C . See also Figure S3A . (D) A model for the chromatin modifications that occur during vernalization. In nonvernalized plants, FLC chromatin is marked by histone acetylation (indicated by the amino-terminal tails of H3 and H4 being dissociated from the DNA) and K4me3. The variant H3.2 is enriched in the FLC promoter and coding regions. During the cold, VIN3 activity represses FLC expression, which is associated with deacetylation of histones (NT tails closely associated with DNA) and demethylation of K4me3 to K4me2. VIN3, in association with homologs of the PRC2 complex, is also required for addition K27me3 at the start of the gene. When plants are returned to warmer conditions, DNA replication allows the replacement of H3.2 by H3.1 in FLC chromatin, which becomes trimethylated at K27. Components of the PRC2 complex (except VIN3, which is no longer expressed) and LHP1 are shown associated with FLC chromatin. a histone variant is essential for the maintenance of FLC repression.
The Repressed State of FLC Is Not Due to the Loss of H2A.Z H2A.Z, a variant of histone H2A, is essential but not sufficient for elevated expression of FLC [20] . H2A.Z is deposited at the 5 0 and 3 0 ends of the FLC locus by a protein complex containing PIE1, ARP6, and SEF, homologs of proteins that comprise the yeast SWR1 complex [20, 21] . Vernalization-induced repression of FLC is not associated with removal of H2A.Z from FLC chromatin ( Figure 4B ). Consistent with other conditions in which FLC is expressed at low levels [20] , the level of H2A.Z associated with chromatin at the 5 0 end of the FLC locus increased in vernalized young seedlings ( Figure 4B ).
Replacement of H3.2 Might Play a Role in the Maintenance of FLC Repression
In animals, the histone variant H3.3 replaces H3 in a transcription-coupled process [22] , leading to the enrichment of H3.3 in both the promoter and coding regions of active genes [23] . The level of H3.3 in newly replicated DNA is diluted by the deposition of H3-containing nucleosomes [22] . In plants, these histones are known as H3.1 (H3) and H3.2 (H3.3) [24] . Arabidopsis has five genes encoding H3.1 and seven encoding H3.2 [25] ; four H3.1 and two H3.2 genes are preferentially expressed during S phase, although transcription continues at a lower level through G2. The remaining H3.1 gene and three H3.2 genes are constitutively expressed [25] . The Arabidopsis H3.1 and H3.2 proteins are differentially marked by activating and silencing modifications [26] . Histone H3.2 carries a higher abundance of activating modifications, and although it has monomethylated and dimethylated K27, this histone variant does not exist in the trimethylated form [26] . In contrast, approximately 5% of H3.1 is present as K27me3 [26] .
These histone H3 proteins differ by only four amino acids and so cannot be distinguished with ChIP assays. The expression of histone H3.1 was much lower in mature leaves (0.04-0.14) than in tissues that maintain FLC repression on return to warmer conditions ( Figure 4C , Table S3 , and Figure S3 ). The low expression of H3.1 genes is consistent with the low level of DNA synthesis in mature leaves ( Figure 1B and Figure S1 ). In contrast, H3.2 is transcribed at comparable levels in all three tissue types ( Figure 4C and Figure S3 ). FLC chromatin in mature leaves might be enriched for histone H3.2 in nonvernalized plants.
Conclusions
We have identified a region, 2245 bp to +237 bp of the FLC gene (regions F3-5), where K27me3 enrichment initiates during vernalization. This overlaps the minimal FLC promoter (2161 bp to +530 bp) that confers a vernalization response on a reporter gene [5] . After plants are returned to higher temperatures, K27me3 spreads from this site across the locus. This enrichment of K27me3 at FLC chromatin is not maintained in older leaves on the return to warmer temperatures. One explanation for this observation is that DNA replication leads to the replacement of histone H3.2 by H3.1, the form of H3 that carries K27me3 (Figures 3B and 4D ) [26] . The spread of K27me3 into chromatin associated with intron 1 during prolonged cold treatments ( Figures 2C and 2D ) might only occur in cells that have undergone DNA replication and where H3.2 has been replaced by H3.1. We suggest that DNA replication, which replaces H3.3/H3.2, might be important for cycling between the active and repressed state of many genes regulated by polycomb proteins. In Drosophila, genes regulated by polycomb repression are maintained in an active state by transcription of the PRE; the presence of H3.3 in PRE chromatin is thought to prevent silencing by PRC2 complexes that are constitutively bound at the PRE [27] .
Alternatively, mature leaves might lack some as-yetunidentified component(s) of the machinery involved in maintenance of the K27me3 mark, or metabolic differences such as the level of the methyl donor, S-adenosyl methionine, might affect their competence to maintain FLC repression.
Our observation that maintenance of the repressive modification, H3 K27me3, at FLC does not occur in mature Arabidopsis leaves provides an explanation for the requirement for DNA replication in tissues that respond to vernalization [9, 10] . Even though mature leaves are not replicating their DNA, they initiate the vernalization response but fail to maintain FLC in a fully repressed state when returned to 22 C after the low-temperature treatment.
Supplemental Data
Experimental Procedures, three figures, and three tables are available at http://www.current-biology.com/cgi/content/full/17/22/ 1978/DC1/.
